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ABSTRACT 
Incremental loading t e s t s  were performed on AU-4G1 aluminum a l loy-shee t  
0 specimens subjec ted  t o  t e n s i l e  creep ;It 473 K O  
the  axial  s t r e s s  by a small amount, by e i t h e r  loading o r  unloading, dur ing  
primary c reep ,  
commercially pure aluminum. 
increase  i n  stress was e s s e n t i a l l y  l i n e a r  v i s c o e l a s t i c ,  while unloading 
caused ces sa t ion  of c reep  s t r a i n i n g  f o r  a time, fol lowing by l inear v isco-  
elastic creep.  Mater ia l  s t i f f n e s s  increased dur ing  creep, i nd ica t ing  t h a t  
s t r a i n  hardening was tak ing  p lace .  
of t he  material, t h e  modulus increased with time from an i n i t i a l  i n e l a s t i c  
value and approached t h e  e l a s t i c  modulus. 
Tes t s  cons is ted  of changing 
Resul t s  were similar t o  those obtained previous ly  on 
Incremental s t r a i n  response due t o  a small  
For axial stress i n  t h e  p l a s t i c  range 
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- in teger  
- l i n e a r  d i f f e r e n t i a l  operators i n  Eq. (1) 
- creep parameters 
- time 
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- creep time after stress-change 
- incubation time a f t e r  negative stress-change 
- s t r a i n  
- creep s t r a i n  
- strain a t  to 
- s t r a i n  increment 
- applied stress 
- i n i t i a l  s t r e s s  
- = o0 + BO 
- stress increment 
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NOTE ON UNITS 
Whenever practical the units adhered t o  i n  t h i s  report correspond 
to the International System of Units, as defined by the Eleventh General 
Conference of Weights and Measures, 1960, and subsequent Conferences. 
Following are a-number of conversion.factors which w i l l  be useful i n  
Peading t h i s  report. 
2 2 0.1017 kg/mm 1 MN/m 
1,450 p s i  = 1 MN/m2 
- 273,1SoC = 0 OK 
INTRODUCTION 
The research  reported here in  c o n s t i t u t e s  a cont inua t ion  of t he  program 
previous ly  reported i n  Refs ,  1 and 2 ,  
of experiments performed t o  examine the  e f f e c t s  of increments of  stress on 
t h e  creep response of commercially pure aluminum i n  t h e  low s t r a i n  range. 
One of t h e  objec t ives  of the  inves t iga t ion  was t o  determine whether t h e  
change i n  s t r a i n  and s t r a i n  r a t e  caused by an increment of stress could be 
descr ibed by a l i n e a r  v i s c o e l a s t i c  type of  creep r e l a t i o n ,  as suggested i n  
Ref, 3 ,  A f u r t h e r  aim was t o  a s c e r t a i n  whether t he  e l a s t i c  modulus of 
t he  material changes during creep, as hypothesized by creep buckling theo r i e s  
such as t h a t  of Ref, 4, 
columns and p l a t e s  causes a decrease of t h e  material modulus so t h a t  t he  
f l e x u r a l  s t i f f n e s s  for small lateral  displacements i s  reduced with time, 
These papers  presented the  r e s u l t s  
These t h e o r i e s  assume t h a t  creep s t r a i n i n g  of 
The t e s t s  i n  Refs, 1 and 2 were performed on specimens of  annealed 
0 commercially pure aluminum subjec ted  t o  un iax ia l  t e n s i l e  creep at 473 K O  
material was chosen f o r  t h e  s t a b i l i t y  of i t s  mechanical p r o p e r t i e s  with time, 
r a t h e r  than  f o r  engineer ing a p p l i c a b i l i t y .  
s t r a i n  response fol lowing a small s t r e s s  change was e s s e n t i a l l y  l i n e a r  v i sco-  
e l a s t i c ,  However material s t i f f n e s s  was found t o  increase  due t o  s t r a i n -  
hardening during creep,  approaching t h e  e l a s t i c  va lue ,  
This  
For commercially pure aluminum 
An important quest ion which remained t o  be answered was whether t h e  
behavior found i n  commercially pure aluminurn a l s o  occurs i n  a l l o y s  of  aluminum, 
e s p e c i a l l y  those commonly used f o r  a i r c ra f t  s t r u c t u r e s  and i n  t h e  leading end 
of some je t -engine  compressors. For the  present  research  t h e  mater ia l  chosen 
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for investigation was AU-4G1 aluminum-alloy sheet, an aircraft alloy similar 
to 2024-T3 aluminum alloy. This material generally displays quite different 
mechanical characteristics than does comercially pure aluminum, 
important differences which was considered is that the strength. of the alloy 
at elevated temperatures is time-dependent, in strong contract to the pure 
metal 
One of the 
LINEAR VISCOELASTIC EQUATION FOR CREEP AFTER INCREMENTAL CHANGE IN 
STRESS 
In Ref. 3 a linear viscoelastic equation was chosen to describe the effect 
of an incremental change in stress on creep behavior of metals in the form 
P(Aa) = Q(AE) 
where P and Q are linear operators of the form 
am n 
0 atm 
am n 
Pm 2 o Q = qm - respectively, P =  
0 
m = 0, 1, 2....,n 
and Aa and Ae are the increment of stress and the corresponding increment 
of strain respectively (see Figure l), If Aa is much smaller than the stress 
before the stress-change uop and Eq. (1) is assumed to hold only near the time, 
at which the stress was changed, then pm and qm are functions of a 
0 
and to only. 
Specifically, Eq. (1) determines the additional creep occurring after the 
stress-change, relative to the creep which would have occurred if the stress 
had remained at the original level. Eq. (1)  is quite general and solutions 
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corresponding t o  o r  approximating maay empirical  creep r e l a t i o n s  can be 
obtained from it, depending on t h e  number of terms chosen i n  t h e  d i f f e r e n t i a l  
equation. For example i f  n = 2, q = 0, and i n i t i a l  condi t ions are as 
s t a t ed ,  Eq. (1) gives  t h e  s t r a i n  r e s u l t i n g  from t h e  s t r e s s  increment as 
as obtained i n  Ref, 3 .  I n  Eq. (2)  A t  = t - too 
TEST SPECIMENS 
Tensi le  t es t  specimens were machined from a sheet o f  AU-4Gl aluminum a l l o y  
of 4mm nominal th ickness ,  
d i r e c t i o n  of t h e  shee t .  
2 ,  
245mm0 
The specimen a x i s  was p a r a l l e l  t o  t h e  r o l l i n g  
Dimensions of t he  tes t  specimens a r e  shown i n  Figure 
The reduced sec t ion  was machined t o  a width of 12.50 -mm and a length of 
The c reep - t e s t ing  machine used i n  the  program and shown i n  Figure 3 was 
designed t o  apply deadweight loads of up to  25,OOON i n  tension with the  a i d  
of a beam-loading mechanism, with a lever-arm r a t i o  of 20:l. 
edges are used i n  t h e  p ivot  of t h e  beam, and at t h e  specimen and weight-cage 
attachment po in t s .  
Applied load was measured by use of  a s t ra in-gage load cell  i n  series with 
the  t es t  specimen. 
g r ips ,  hinged i n  mutually perpendicular  d i r e c t i o n s  i n  t h e  hor izonta l  plane 
Hardened knife-  
The beam and weight-cage are balanced by a counterweight. 
The ends of  t h e  t e s t  specimen are clamped i n  tens ion  
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i n  order  t o  permit complete freedom of alignment when t h e  load is  app l i ed ,  
The tubu la r  furnace used i n  t h e  c reep - t e s t ing  machine is  320mm i n  
length,  with an i n t e r n a l  diameter of  75mm. 
1,275°K. 
toiiiperature a t  a given poin t  on t h e  test specimen constant  with time within 
* 1 ° K ,  and the  maximum temperature d i f f e rence  along t h e  specimen was 4'K. 
Specimen temperature was measured with i ron-constantan thermocouples of 
0.2Limm diameter (30gage) wire spot-welded t o  t h e  specimen. 
The furnace has a capac i ty  of 
In  t h e  present  program the  automatic con t ro l  u n i t  maintained the  
S t r a i n s  i n  t h e  test  specimens were measured by use of a mechanical 
extensometer connected t o  an LVDT(1inear v a r i a b l e  d i f f e r e n t i a l  transformer) 
which has a l i n e a r  range of * 2.5mm, 
Each creep specimen was exposed t o  the  t e s t  temperature f o r  1 /2  hour 
p r i o r  t o  tes t ,  i n  order  t o  s t a b i l i z e  the  temperature d i s t r i b u t i o n  i n  t h e  
furnace and t h e  s t r a i n  t ransducer ,  
220 M/m was appl ied t o  t h e  specimen a t  a loading rate such t h a t  t h e  s t r a i n  
r a t e  obtained was approximately 33 x 10-6/sec, 
s t r e s s  and s t r a i n  permitted determinat ion of t h e  value of the  s t r a i n  a t  
t h e  i n s t a n t  t he  specimen was f u l l y  loaded. 
After exposure, a t e n s i l e  stress of 
2 
Autographic recording of 
An incremental  change i n  a x i a l  stress was appl ied af ter  3 hours of creep, 
The stress increment never exceeded 6% of the  i n i t i a l  creep strees. 
stress change was achieved by adding small  weights t o  t h e  weight cage, nega t ive  
s t r e s s  increment by removing a small conta iner  of weights without d i s tu rb ing  
t h e  cage ,  
had occurred, 
Pos i t i ve  
The tes t  was allowed t o  continue u n t i l  s u b s t a n t i a l  add i t iona l  c reep  
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RESULTS AND DISCUSSION 
General r e s u l t s  obtained during s h o r t  time s t r e s s - s t r a i n  t e s t s  and 
from creep tests conducted a t  constant  t e n s i l e  stress w i l l  now be present -  
ed,  These r e s u l t s  served as re ference  d a t a  f o r  creep r e s u l t s  obtained 
under varying stress condi t ions,  
The s t r e s s - s t r a i n  curve obtained f o r  t he  material a t  473'K a t  a s t r a i n  
ra te  of approximately 33 x 10-6/sec. is shown i n  Figure 4. 
of t h e  e l a s t i c  modulus was 62,000m/m ,with a s tandard devia t ion  of 5 percent .  
The mean value 
2 
Mean values  obtained f o r  proport ional  l i m i t  s t r e s s  and 0,2% o f f s e t  stress 
were 140 MN/m and 303 iW/m respec t ive ly .  The average curve obtained from 
creep s t r a i n  d a t a  under a constant  t e n s i l e  stress of 220 MN/m a t  473'K is 
2 2 
2 
p l a t t e d  aga ins t . t ime i n  Figure 5. The r e s u l t s  shown i n  Figures 4 and 5 are 
general ly  i n  accord with published d a t a  on 2024-T3 aluminum-alloy material 
a t  the tes t  temperature (Ref, 5) 
Resul t s  showing t h e  e f f e c t  of a small p o s i t i v e  o r  negative change i n  
stress on creep behavior w i l l  now be presented,  
was from 2 t o  6% of the  i n i t i a l  stress, 
Table 1. 
The range of s t r e s s  increments 
Data on indiv idua l  tests are given i n  
Pos i t ive  Stress-Change 
Creep curves obtained af ter  app l i ca t ion  of a p o s i t i v e  increment of s t r e s s  
Ao are shown as s o l i d  l i n e s  i n  Figures 6 and 7. Ira t h e  f i g u r e s  E - E t h e  
0' 
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t o t a l  s t r a i n  accumulated following t h e  stress changes i s  p l o t t e d  aga ins t  
A t 9  t h e  time after t h e  change i n  s t r e s s ,  
is equal t o  3 hours i n  a l l  cases, 
i n i t i a l  stress uop ext rapola ted  beyond to ., The creep curve af ter  t h e  
stress-change d i sp lays  an acce lera ted  i n i t i a l  s t r a i n  rate which decreases  
with time, 
material, the  curve tends towards and becomes p a r a l l e l  t o  t h e  o r i g i n a l  
creep curve f o r  u 
i n  Ref. 2, although it apparent ly  does s u b s t a n t i a t e  the  condi t ions 
l a i d  down i n  Ref. 6 .  For commercially pure aluminum under an increment 
of s t r e s s  i n  t h e  p l a s t i c  range the  curve tended towards the  c reep  curve 
corresponding t o  the  new t o t a l  stress, 
The time of s t ress-change 
The dashed l i n e s  represent  c reep  a t  t he  
Although the  i n i t i a l  s t r e s s  was i n  t h e  p l a s t i c  range of t h e  
This r e s u l t  i s  not i n  agreement with r e s u l t s  reported 
O 0  
The add i t iona l  creep BE occurr ing as a r e s u l t  of p o s i t i v e  stress- 
change (see Figure 1) is  p l o t t e d  i n  Figure 8 i n  t h e  form of c reep  com- 
p l i ance  Ac:lAo aga ins t  A t ,  Curves i n  t h e  form of F i e r e  8 a r e  con- 
venient  f o r  t h e  eva lua t ion  of r e s u l t s  with regard t o  l i n e a r  v i s c o e l a s t i c  
behavior.  A mean curve (dashed l i n e )  has been drawn through t h e  da t a  shown 
i n  t h e  f i g u r e .  
is  * 20% of Atz/Aa, This mount  of s c a t t e r  i s  reascnable  when the  small 
magnitude of Ao and AE is  considered, as well  as t h e  s c a t t e r  inherent  
i n  c reep  tests i n  general  and i s  i n  accord with previous r e s u l t s  (Ref,, 2 ) .  
The r e s u l t s  obtained ind ica t e  an instantaneous s t r a i n  due t o  t h e  stress 
change, a t r a n s i e n t  per iod during which t h e  creep r a t e  decreases ,  and a 
s teady s t a t e  with constant  creep r a t e ,  
The maximum s c a t t e r  of t h e  r e s u l t s  about t h e  mean curve 
These t h r e e  phases are similar i n  
nature t o  the  e a r l y  s tages  of creep a t  constant  stress, and correspond 
t o  t h e  time-dependent terms i n  the  l i n e a r  v i s c o e l a s t i c  creep r e l a t i o n  Eq. 
(2) * 
I t  i s  apparent f r o m t h e  f i g u r e  t h a t ,  f o r  t h e  range of Aa/ao 
inves t iga ted ,  t h e  creep obtained is  l i n e a r l y  dependent on Aa i n  t h e  sense 
of Eq. (2) and i n  t h i s  case a l s o  i n  the  sense of Ref. 6 when allowance i s  
made f o r  s c a t t e r  of d a t a ,  Determination of t he  range of Aa/ao beyond which 
AE i s  no longer l i n e a r  i n  Aa remains t o  be completed in fu tu re  work. 
The instantaneous s t r a i n  r e s u l t i n g  from t h e  s t r e s s  change was l i n e a r  
i n  Aa, as shown i n  Figure 8 and Ac/Aa was on t h e  order of t h e  inverse of 
t h e  elastic modulus. 
during creep, has been discussed elsewhere with respec t  t o  creep mechanism 
(Ref.1) and creep buckling (Ref, 6 ) .  Suf f ice  it t o  say t h a t  t h e  present  t es t  
r e s u l t s  again d i d  not revea l  t h e  low-valued i n e l a s t i c  modulus implied i n  Refs, 
3 and 4. 
This r e s u l t ,  which is due t o  s t r a i n  hardening occurr ing 
Spec i f i c  numerical values  of t he  creep cons tan ts  i n  Eq. (2) f o r  t he  
p a r t i c u l a r  material and t e s t  condi t ions of t he  program are not  of g rea t  
p r a c t i c a l  importance. 
may be noted t h a t  t h e  minimum incremental c reep- ra te  p /q o l  
However i n  d iscuss ing  t h e  na ture  of t h e  r e s u l t  it 
is  zero f o r  
2 = 220MN/m and presumably f o r  lower i n i t i a l  s t r e s s e s  a l so .  However it a. 
is l i k e l y  t o  have f i n i t e  values  when t h e  i n i t i a l  s t r e s s  i s  high i n  t h e  
p l a s t i c  range of t h e  material. 
and addi t iona l  tests must be ca r r i ed  out a t  higher  values  of uo i n  order  t o  
e s t a b l i s h  whether aluminum a l l o y  behavior does OF does no t  support  t h e  assumptions 
This r e s u l t  i s  somewhat inconclusive a t  present  
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involved i n  t h e  equation of s t a t e  f o r  creep (Ref. 4), which r equ i r e s  t h a t  
= 0, as pointed out  i n  Ref. 3 .  The value of r e t a rda t ion  time q2/q1 PO 
obtained from t h e  experimental d a t a  was approximately 0.35 hour. 
Negative Stress-Change 
Creep curves r ep resen ta t ive  of  d a t a  obtained a f t e r  a s l i g h t  reduct ion 
i n  stress a t  = 3 hours are shown i n  Figures  9 t o  l l ,  
accompanied by an instantaneous negat ive s t r a i n  of magnitude propor t iona l  
t o  AD, and the  modulus during t h e  stress-change was equal t o  t h e  e l a s t i c  
modulus E as expected. The instantaneous s t r a i n  was followed by a per iod 
during which no s t r a i n  was de tec ted ,  a f t e r  which creep s t r a i n  resumed. The 
t o  resumption of creep are p l o t t e d  aga ins t  average incubat ion times 
t h e  r e l a t i v e  change i n  stress - Aa/ao i n  Figure 1 2 ,  The l i n e  drawn through 
the experimental d a t a  i n  the  figure corresponds t o  t h e  re la t ion 
The s t r e s s  was 
Atrec 
A D / D ~  = - F(Atrec ] o m  
(4) 
where F is  a cons tan t ,  
Incubation times f o r  the  a l l o y  mater ia l  were s h o r t e r  than fo r  pure 
aluminum, i n  l i n e  with t h e  genera l ly  higher  creep rates of a l l o y s  r e l a t i v e  
t o  the  r a t e  of creep of pure metals ,  
to change i n  t h e  rate of d i s l o c a t i o n  motion i n  t h e  material as a r e s u l t  of 
t he  s t r e s s  reduct ion .  Dis loca t ion  v e l o c i t y  i s  s t rong ly  dependent on s t r e s s  
(Ref. 7) and i s  g r e a t l y  reduced when p a r t  of t he  appl ied stress i s  removed, 
Although the  reduct ion  i n  t h e  appl ied stress i s  small t h e  r e s u l t i n g  d i s a r r a y  
i n  a reas  of d i s l o c a t i o n  concentrat ion i s  considerable ,  with the  resu l t  t h a t  
d i s l o c a t i o n  motion ceases  i n  these  a reas  and f u r t h e r  creep s t r a i n  occurs when 
d i s loca t ions  i n  o the r  planes of t h e  mater ia l  l a t t i c e  begin t o  move, This  can 
The incubat ion o r  delay time i s  due 
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happen more quickly i n  a l loyed mater ia l  because of t h e  higher  dens i ty  of d i s -  
loca t ion  sources.  
No t r a n s i e n t  phase, such a s  occurred after appl ica t ion  of a stress incre-  
ment, i s  observed i n  Figures 9 t o  11 when creep recommenced after a decrement 
i n  stress, 
with a constant  d i f f e rence  equal t o  t h e  sum of t h e  instantaneous s t r a i n  and 
the  straid at  u during the  incubation time, I t  may be expla  
degree of relief of t h e  strain-hardened condi t ion  induced a t  s t r e s s  
The resumed creep curve was p a r a l l e l  t o  t h e  creep curve f o r  D 
Q S  
0 
uo occurred 
during t h e ~ i n e u b a t i o n  time, with t h e  resu l t  t h a t  t h e  equi l ibr ium between the  
s t ra in-hardening rate and t h e  rate of vacancy d i f fus ion  remained unchanged and 
t h e  subsequent crgep rate was undisturbed and remained t h e  same as a t  t h e  i n i t i a l  
stress. The r e s u l t s  show t h a t  A& is l i n e a r l y  dependeht an t h e  stress decrement 
.A 3 
i n  t h e  range t e s t ed ,  as was the  case f o r  s t r e s s  increment, Additional tests &re 
required i n  order  t o  determine t h e  dependence of t h e  creep constants  on t h e  value 
u~ of i n i t i a l  stress 
AU-4G1 aluminum a l l o y  exh ib i t s  an aging e f f e c t  a t  e levated temperatures, A t  
473'K t h e  mater ia l  
crease as t h e  material i s  exposed t o  temperature f o r  approximately 4 hours.  
% o f f s e t  y i e ld  stress and t h e  u l t imate  t e n s i l e  stress in -  
There- 
a f t e r . t h e  material undergoes overaging and the  y i e l d  stress and u l t imate  s t r eng th  
decrease monotonically (cf. Ref.8).  The e f f e c t s  of overaging were not  d i sce rn ib l e  
i n  r e s u l t s  obtained during t h i s  i nves t iga t ion ,  s ince  o ~ l y  one i n i t i a l  time 
was rased. 
s t rength .  
to 
The time at i n i t i a l  stress was 3 hours, c lose  t o  t h e  time of maximum 
I t  would be of i n t e r e s t  t o  compare these  r e s u l t s  with r e s u l t s  of 
- l o  - 
similar tests performed a t  much longer i n i t i a l  times, when the  mater ia l  
would be i n  t h e  overaged condi t ion .  
Although the  du ra t ion  of  t he  present  t e s t s  ranged from 4 t o  7 hours,  
aging had no apparent e f f e c t  on s ta t ic  and dynamic moduli o r  on values  of t h e  
damping c o e f f i c i e n t ,  
damping are descr ibed i n  d e t a i l  i n  Ref. I). This  was t o  be expected, The 
dynamic modulus i s  genera l ly  i n s e n s i t i v e  t o  stresses and s t r a i n s  i n  t h e  p l a s t i c  
range of t h e  material. 
seen t o  recover  t h e i r  elastic values  due t o  s t ra in-hardening dur ing  creepsand 
are the re fo re  independent of t h e  he igh t  of t h e  s t r e s s - s t r a i n  curve.  
were i n  complete agreement with those obtained i n  R e f .  1, 
(Methods used i n  measuring s t a t i c  and dynamic moduli and 
The s ta t ic  modulus and the  damping c o e f f i c i e n t  have been 
These r e s u l t s  
CONCLUS IONS 
Resul t s  obtained from incremental  load tests on AU-4G1 aluminum a l loy-shee t  
specimens subjected t o  t e n s i l e  creep a t  473'K were presented and considered i n  
terms of a l i n e a r  v i s c o e l a s t i c  a n a l y s i s .  
stress by a small amount a t  a given time dur ing  primary creep.  
Tests cons is ted  of changing t h e  a x i a l  
Incremental s t r a i n  response due t o  increase  of a x i a l  stress up t o  6% of 
the  i n i t i a l  s t r e s s  was e s s e n t i a l l y  l i n e a r l y  v i s c o e l a s t i c ,  
a x i a l  s t r e s s  caused creep s t r a i n i n g  t o  cease f o r  a time, following which the  
response was again l i n e a r  v i s c o e l a s t i c ,  
which the  incremental  s t r a i n  ceases  t o  be l i n e a r l y  v i s c o e l a s t i c  has y e t  t o  be 
inves t iga ted ,  as has t h e  na ture  of t h e  creep response when 
s t r e s s  is higher  i n  t h e  p l a s t i c  range of t h e  material, 
Small decreases  of * 
The magnitude of s t r e s s  increment f&r 
t h e  i n i t i a l  
and when t h e  time 
- 11 - 
at  i n i t i a l  s tress  i s  suf f ic ient ly  long to cause overaging of the material, 
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TABLE 1 . TEST CONDITIONS AND RESULTS FOR AU-4G1 ALUMINUM ALLOY SHEET 
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